The concept of glycaemic index (GI) was developed 25 years ago by Jenkins and co-workers in 1981 and first studied to help diabetic patients with blood glucose control. In 1997 two epidemiological studies were published showing that high GI food consumption is associated with an increased risk of type 2 diabetes. At the same time the concept of the glycaemic load (GL) was introduced, based on GI and total carbohydrate intake. Since then, many studies have been conducted to investigate the role of dietary GI and GL in the prevention and management of type 2 diabetes, cardiovascular disease, obesity and other chronic diseases such as cancer. The current review will focus on the epidemiological evidence obtained so far. In addition, several key methodological issues will be addressed, such as the dietary assessment method used, the application of the international GI and GL table, and the correlated dietary patterns.
Introduction
Over the past decades, the concept of glycaemic index (GI) has attracted attention from various sectors such as the general public, commercial sectors, and healthcare professionals. The Food and Agriculture Organization and World Health Organization Joint Expert Consultation report has recommended the use of GI for categorizing dietary carbohydrates and to guide food choices. 1 Actually, discussions on the use and clinical utility of the GI in for example diabetes care were quite intense about 25 years ago, 2 and at that time the ADA for example did not endorse the use of it. However, as can be seen in Figure 1 the interest in GI in the scientific literature has dramatically risen since 1997, providing the background for the recent recommendations on GI. 3, 4 In this review, we will focus on the epidemiological aspects of GI research, as we think that the growth of interest in the topic has been induced by two epidemiological papers, the studies of Salmeron and coworkers 5, 6 on GI and the risk of type 2 diabetes within the Nurses' Health Study and the Health Professionals Study.
Next to an overview of published data so far, we will address some major methodological issues regarding the possibilities for investigating GI and GL in population-based surveys.
GI and type 2 diabetes
Results from cohort studies As indicated before, in the past, the use of GI has been mainly an issue in diabetes care. The data at that time showed that low GI diets could induce improved metabolic control in patients with either type 1 or type 2 diabetes. 7, 8 More recently two meta-analyses on this topic were published. Brand-Miller et al. 9 report that a low GI diet, compared to a high GI diet, was found to induce a 0.43% points larger reduction in HbA1c, a marker of long term glycaemic control, among 356 subjects from 14 randomized controlled trials in about 10 weeks. Opperman et al.
10
combined the results from 16 randomized controlled trials and reported a significant decrease in fructosamine (by 0.1 mmol/l) and HbA1c (by 0.27% points) concentrations in subjects receiving low GI diets. These data have led a working group of the ADA for example state that the use of the glycaemic index can provide additional benefit for patients, over that observed when total carbohydrate is considered, 11 although the official position statement of the ADA as published in 2004 indicates 'y, there is not sufficient evidence for long-term benefit to recommend a low-GI diet as a primary strategy in food or meal planning'. 12 The notion that the GI not only affects glucose response in diabetic patients, but that it equally affects non-diabetics, is an important one. 13, 14 From these observations, it can also be assumed that GI can play a role in the prevention of type 2 diabetes. This is supported by the results from animal studies, 15, 16 as well as studies showing that in non-diabetic subjects, low-GI diets reduce markers of insulin resistance such as fasting insulin levels and glucose intolerance in the short-and long-term. 17, 18 In Table 1 we have summarized the findings of the cohort studies published to date on the risk of diabetes. Six followup studies described the association between GI of the diet measured at baseline and the incidence of type 2 diabetes during follow-up. The first two studies, from the Harvard group, showed comparable results; high GI is positively associated with type 2 diabetes risk after adjustment of main confounders including dietary fibre. The results were confirmed by the Nurses' Health Study 19 and partly by the Melbourne Study, 20 but not by the results of the ARIC (Atherosclerosis Risk in Communities) Study. 21 The Iowa
Womens Study 22 even showed a significant effect in the opposite direction for the high level group. The most recent evidence is from Insulin Resistance Atherosclerosis Study (IRAS), where GI was found to be positively associated with the risk of type 2 diabetes, but the association was confined to subjects without abdominal obesity at baseline with a subsequent increase in waist during follow-up. 23 It would be interesting to see whether residual confounding by other dietary factors plays a role in this phenomenon, as the authors adjusted only for energy intake, and not for other dietary aspects.
To investigate this issue further, it is good to address the GL as well. The GI provides ranking of foods based on their acute blood glucose response, while the GL takes the amount of glycaemic carbohydrates in a food portion also into account. GL is defined as the product of GI and the amount of glycaemic carbohydrates of a serving, and then summing it up with the GL of the diet. As such, it reflects the total exposure of subject to glycaemic foods, which makes sense biologically. Table 2 presents the results of the studies on GL and risk of diabetes, basically in the same cohorts as before. Rather surprisingly, the results are more mixed. A clear independent positive association between GL and risk of diabetes was shown only in the Nurses' Health Study from 1997. 5 The other studies show no association, although the two Harvard studies from 1997 showed effect modification by dietary fibre. Subjects with high GL and low cereal fibre had a higher risk than expected based on the effects of GL and cereal fibre alone, especially in the Health Professionals Study. 6 This suggests that epidemiological studies on GI, GL and diabetes do not support the GI hypotheses fully. As an additional topic we therefore investigated the populationbased cross-sectional studies on GI and glucose tolerance and/or insulin sensitivity, and finally also studies with cardiovascular disease and body weight as a health outcome.
Population-based cross-sectional studies
Evidence from cross-sectional studies is generally regarded as less conclusive compared to prospective studies. Therefore we focus on the largest recent studies. Table 3 Effect modification by baseline waist was present, a nonsignificant positive association (RR 1.70) was observed in subject with no abdominal obesity.
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mixed results. In a small cohort of European elderly men no association between GI and postload glucose or insulin was found. 24 Positive associations were observed in the data of the Framingham Offspring Study between GI/GL and fasting insulin levels and the homeostasis model assessment (HOMA) index for insulin resistance, and for GI with the prevalence of the metabolic sydnrome. 25 Whether the GI findings were independent of dietary fibre intake is not reported. The Danish Inter99 study, in contrast, observed an association between GL and HOMA index for insulin resistance, but not with GI, 26 and the association disappeared after adjustment for dietary fibre. Finally, in the IRAS study no associations were observed. 27 Other epidemiological studies In fact, supports for the GI hypothesis can also be sought in studies with other exposures than GI or GL per se. We have for example shown in a small cohort of elderly men and women that the use of legumes (peas, lentils etc) was associated with a significant reduction in the risk of developing impaired glucose tolerance or diabetes over a 5 year follow-up period. 28 Another example can be found in the results of the STOP-NIDDM trial, where the use of acarbose, an alpha-glucosidase inhibitor, slowing gastric emptying thus partly mimicking the effects of low GI foods, was effective in reducing the development of diabetes as well as cardiovascular disease in subjects with impaired glucose tolerance.
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Cardiovascular disease
Postprandial hyperglycaemia has been recognized as an independent risk factor for cardiovascular disease. 31 The biological mechanism behind this association might be through increased oxidative stress induced by high levels of blood glucose. Both in vitro and in vivo evidence have shown that high glucose levels could increase reactive In contrast to results for GI, no effect modification with baseline waist present in the data. 41, 42 However, using data of the Zutphen Elderly Study, we failed to confirm some of these findings. 24 Only a few cohort studies reported on the association between GI/GL and the incidence of cardiovascular disease. The first publication on this issue was from the Nurses' Health Study by Liu and co-workers. 43 They observed that GL was associated with the risk of coronary heart disease (CHD) with a fibre-adjusted relative risk (RR) of 1.98 for the highest quintile. Regarding GI, a significant positive association was also observed, with RR 1.31 for the highest quintile group, independent of total carbohydrate intake. In fact, total carbohydrate itself was associated with a slight, albeit nonsignificant increase in CHD risk (RR 1.23), as will be discussed later. This is rather surprising as in most studies GL and total carbohydrate intake are highly interrelated. In the same cohort, GI and GL were not clearly associated with increased risk of stroke, although a borderline significant association was observed among overweight and obese women, between GI and stroke (RR 1.39), and between GL and both ischaemic (RR 1.56) and hemorrhagic stroke (RR 1.69). 44 The findings on CHD could not be confirmed in the smaller Zutphen Elderly Study, 24 with a RR of 1.11 (95% CI: 0.66, 1.87) for the highest compared to the lowest tertile of GI. Also, for GL no clear association was found. Finally, one case-control study investigated GI in relation to myocardial infarction. 45 This Italian study included 433 non-diabetic cases of acute myocardial infarction and 448 controls. No association was observed with GL. For GI there was a tendency for a positive association, but overall the results were inconsistent.
GI, GL and obesity
Because a low-GI diet is able to promote satiety and fat oxidation, it is believed to benefit weight control. According to Brand-Miller et al., the slow digestion and absorption rates of low-GI diets produce persistent stimulation of the nutrient receptors in the gastrointestinal tract, resulting in a prolonged feedback, via signals such as cholecystokinin (CCK) and glucagon-like peptide-1 to the satiety centre in the hypothalamus. 46 Apart from this, the marked rise in blood insulin levels following the consumption of high-GI meals could lead to a rapid downward regulation of blood glucose, often below fasting levels. Hunger and food intake are thus caused by this 'low fuel status'. 46 Relatively, few epidemiological studies have reported on associations between GI and GL and BMI or waist circumference. The EURODIAB study, including 2868 type 1 diabetic patients, reported that GI is an independent predictor of waisthip ratio in their male population, but not so in women. 47 However, the INTER99 study was not able to find an association of GI and GL with either BMI or waist circumference. 26 Methodological issues involving in the epidemiological studies of GI and GL What conclusions can one draw from these results? First, one should consider the reasons for possible differences. An obvious candidate is the dietary methodology. Most cohorts used a food frequency questionnaire (FFQ), only the Zutphen Elderly Study employed a different method, the cross-check dietary history. 48 The FFQs were not specifically designed for assessing GI and GL, nor were they validated or tested for reproducibility for these dietary aspects. The Harvard group, showing the strongest associations between GI and health outcomes, used a semiquantitative 133-item FFQ, with open questions at the end, and registration of e.g. brand names of breakfast cereals. Also, they updated their dietary information on the participants during follow-up. Other cohorts often used less extensive FFQs, and had no update on dietary habits during follow-up. Of course, this may explain part of the differences, as results were seen with better quality methods. However, the cross-check dietary history is well known for its validity and reproducibility. 49 We have also previously reported associations also with other complex dietary factors. 50 Therefore, this cannot be the only explanation for the discrepancies between the Zutphen Elderly Study and the Harvard studies. One aspect that may also be overlooked is the fact that the GI in one population may not be based on the same dietary patterns and foods as in another population. For example, in the Nurses' Health Study, GI was positively associated with fried and cooked potatoes, white bread and cola, and inversely with cold breakfast cereal. In the Zutphen Elderly Study, GI was positively associated with wheat bread and sugar products, and inversely with dairy and fruit. This makes the comparison of the findings more difficult. In fact, the Harvard group recently showed that the use of potatoes, and especially French fries, was associated with increased diabetes risk. It is not clear from the paper whether this finding largely explains their GI/GL results, but it is possible.
We have recently started the calculations of GI and GL in a cohort (CODAM) in the Netherlands, in which the data were obtained via the same FFQ as for the Dutch EPIC (European Prospective Investigation on Cancer and Nutrition) cohorts. 51 The preliminary results show that in this study population in men the variation in GI can be explained by several food groups, the largest contribution provided by dairy products (correlation coefficient À0.45), alcohol beverages (0.36) and potatoes (0.30). In women, the contribution of food was somewhat different: dairy products (À0.5), potatoes (0.3), and fruit and nuts (À0.28). When the correlation with nutrients was addressed in men the strongest association was found with simple sugars (À0. 45) , and in women with polysaccharides (0.72). Regarding GL main contributing foods were cereal and cereal products (correlation coefficient 0.55) and main correlated nutrients were polysaccharides 0.7. In addition, it should be noted that recently an EU-FP6 project has started that will include investigations on GI and GL, DIOGENES (www.diogenes-eu.org). This project includes an epidemiological research line, with cohorts from the wellknown EPIC study. 52 The advantage of the use of a Europeanwide study is the large range of variation in dietary intake. The calculation of GI and GL for this study is a major task, and a difficult one. The GI values used will be derived from the 54 Also, it is well known that the type of bread varies across the countries ranging from baguettes to pumpernickel bread, so these issues need to be solved. The work has started and preliminary results indicate for example that, also within EPIC study, GL and total carbohydrate intake are highly correlated. An interesting feature of this study is that the results of the FFQs can be combined on the cohort level with those of the 24 h dietary recall. Finally, also inter-assignment variation using the Foster-Powell table is addressed. The preliminary results show that there probably is a good agreement on GL, but less so in GI and this is certainly an item which needs additional attention.
Conclusion
In conclusion, GI and GL remain interesting dietary concepts that have shown their biological impact on glucose metabolism. To what extent chronic disease such as type 2 diabetes, obesity and cardiovascular disease really can be prevented is still unclear. Research is hampered by methodological difficulties regarding the food questionnaire used, application of the GI table, and correlated dietary patterns. Population-based studies from outside the US and Australia will provide additional insight in the independent associations of GI and GL with obesity, diabetes and other diseases.
In addition, long-term intervention studies are needed to prove the usefulness of the GI.
